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ABSTRACT Microorganisms express multidrug resis-
tance pumps (MDRs) that can confound antibiotic discovery.
We propose the use of mutants deficient in MDRs to overcome
this problem. Sensitivity to quinolones and to amphipathic
cations (norfloxacin, benzalkonium chloride, cetrimide, pen-
tamidine, etc.) was increased 5- to 30-fold in a Staphylococcus
aureus mutant with a disrupted chromosomal copy of the
NorA MDR. NorA was required both for increased sensitivity
to drugs in the presence of an MDR inhibitor and for increased
rate of cation efflux. This requirement suggests that NorA is
the major MDR protecting S. aureus from the antimicrobials
studied. A 15- to 60-fold increase in sensitivity to antimicro-
bials also was observed in wild-type cells at an alkaline pH
that favors accumulation of cations and weak bases. This
effect was synergistic with a nor4A mutation, resulting in an
increase up to 1,000-fold in sensitivity to antimicrobials. The
usefulness of applying MDR mutants for natural product
screening was demonstrated further by increased sensitivity of
the nor4~ strain to plant alkaloid antimicrobials, which might
be natural MDR substrates.

Inhibition of target cell growth is a traditional approach for
screening natural antimicrobials. This method has yielded all
of the natural antibiotics currently in use. New antibiotics are
continued to be discovered at a rate of >500/year (1), but
these almost invariably belong to previously identified classes
of compounds, making it likely that pathogens will be able to
rapidly build up resistance to these “new” drugs. The increas-
ing threat of drug-resistant pathogens is causing a renewed
interest in the discovery of novel antibiotics. A current trend
is to identify essential genes/proteins that are not targets for
known antibiotics (e.g., the bacterial cell division protein FtsZ)
and use the purified proteins to search for potent binding
ligands from natural sources or combinatorial libraries (2).
A different strategy is to use traditional, broad-based whole
cell screening but increase the probability of finding new
antibiotics by gathering producing organisms from untapped
environments, such as the ocean (1). A general problem facing
both in vitro and whole-cell screening is that the ambient
concentration of potential drugs is prone to be low. The
problem with screening using whole cells is exacerbated fur-
ther by numerous multidrug pumps found in all bacteria and
yeast studied so far (3-6). In Escherichia coli, for example,
there are at least 10 multidrug resistance pumps (MDRs) with
overlapping specificities that can protect against most antibi-
otics, both natural and synthetic (3, 4). During therapy, anti-
biotics are administered routinely at high concentrations that
are sufficient to overcome the action of MDR pumps (notable
exceptions exist, such as MDR-dependent drug resistance in
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Pseudomonas aeruginosa). However, extrusion of antibiotics
present at low concentrations in the process of screening will
inevitably diminish the chances of discovery. The use of
MDR™ mutants has the potential for improving the sensitivity
of antimicrobial discovery.

Staphylococcus aureus is an important human pathogen, and
many antibiotic-resistant strains have been isolated (7). The
NorA MDR pump of S. aureus protects the cells from nor-
floxacin and a number of amphipathic cations, such as the
common disinfectants benzalkonium chloride and cetrimide
(8,9). We find that a mutant of S. aureus with a knockout in
the norA gene coding for the MDR pump has a substantially
increased sensitivity to a large number of antimicrobials,
including therapeutically significant compounds. We also find
that increasing the pH of the medium that favors accumulation
of basic substances in the cell acts synergistically with the nor4
mutation, leading to an increase in sensitivity of up to 1,000-
fold. This approach may offer a significantly higher sensitivity
of drug detection compared with standard in vivo screening.

MATERIALS AND METHODS

Strains and Growth Conditions. S. aureus RN 4222 referred
to as wild type served as the parent strain to generate mutant
strains described in this study. Cells were cultured in tryptic soy
broth medium (Difco) [except for minimal inhibitory concen-
tration (MIC) determination, described below] with aeration
at 37°C overnight.

Disruption of the nor4 Gene. The chloramphenicol acetyl-
transferase gene was isolated by digesting plasmid pLI50 (10)
with Sau34A (New England Biolabs). The chloramphenicol
acetyltransferase gene was cloned into the BamHI site of
plasmid pSP72 (Promega) to yield plasmid PCH22. Chromo-
somal DNA from S. aureus RN4220 was isolated according to
the protocol of Qiagen (Chatsworth, CA). A 1,050-bp part of
the norA gene lacking a 80-bp N terminus and a 20-bp C
terminus was PCR-amplified from chromosomal DNA by
using primer A: 5'-GCTCTATGTTGC-TTTTCAATT and
primer B: 5'-CTGTTTATTTAAAAGATTTGGG. This frag-
ment was cloned into the EcoRI/EcoRV site of PCH22 to yield
plasmid PCH23. S. aureus were transformed by PCH23 by
using electroporation (11). Cells were plated on trypticase soy
agar with chloramphenicol. A transformant colony was picked
after 24 h of incubation at 37°C, regrown, and plated on CAM
medium, and a large colony was picked for further work.
Primers P31 (5'-AACGTCATCACATGCACCAA), PT7 (5'-
TAATA-CGACTCACTATAGGG), and P34 (5'-AATTAG-
GTATGTGGATTGCAA-3") (Fig. 1) were used for PCR
amplification to examine the disruption of the nor4 gene.

Abbreviations: MIC, minimal inhibitory concentration; EtBr,
ethidium bromide; MDR, multidrug resistance pump.

#To whom reprint requests should be addressed. e-mail: klewis@
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FiG. 1. Disruption of the chromosomal norA gene by homologous
recombination. (4) The shaded bars represent the N-terminal and
C-terminal portions of norA4 originating from the chromosome, and the
hatched boxes represent portions of the norA sequence originating
from integration of plasmid PCH23 lacking N- and C-termini. The
resultant norA(A) lacks a C terminus and the resultant norA(B) lacks
an N terminus. Primer P31 corresponds to a sequence 450 bp upstream
the norA gene. Primer PT7 corresponds to the T7 promoter sequence
of plasmid PCH23. (B) Using primers P31 and PT7, a 1.5-kb fragment
was expected to be amplified if norA was disrupted in a manner shown
in A. Lanes: 1 and 10, DNA markers; 2, PCR product amplified with
primers A and B from chromosomal DNA of wild-type cells (positive
control, expected size, 1 kb); 3, DNA from lane 2 digested incom-
pletely by Nhel; 4, 6, and 8, PCR products using P31 and PT7 primers
and chromosomal DNA from KLE 820, KLE 821, and KLE 822, three
independent putative nor4 disruption clones, respectively. There was
no product with primers P31 and PT7 using wild-type chromosomal
DNA (not shown). Lanes 5, 7, and 9, PCR products of lanes 4, 6, and
8 digested incompletely with Nhel. The structure of the construct was
verified further by obtaining an expected 1.4-Kb PCR product with
primers PA and P34. Primers P31 and P34 produced an expected
1.7-Kb PCR product from the wild type but not from KLE 820 (not
shown).

Efflux of Ethidium Bromide (EtBr). EtBr has high fluores-
cence when bound to DNA, making it possible to measure
efflux from the cell. Cells from an overnight culture (1 ml,
ODgop = 4) were pelleted and washed twice with 20 mM
Hepes/NaOH (pH 7.0) buffer. Cells then were resuspended in
1 ml of Hepes buffer containing 10 uM carbonylcyanide
m-chlorophenylhydrazone and 10 ug of ethidium bromide
followed by incubation at 37°C for 30 min (12). The cells were
centrifuged, washed, and resuspended at 0.13 ODyg in ice-cold
Hepes buffer, and fluorescence was measured with a Perkin—
Elmer LS-5B luminescence spectrometer at 530-nm excitation
with 600-nm emission wavelengths.

Determination of MICs. MICs were determined by serial
two-fold dilution of antimicrobials in Mueller-Hinton broth
containing chloramphenicol (34 pg/ml). Most antimicrobials
were from Sigma, and ciprofloxacin was from Bayer, Elkhart,
CT. Around 10° cells were inoculated in 1 ml of medium for
the test. MICs were determined as a concentration of an
antimicrobial that completely prevented cell growth during an
18-h incubation at 37°C with aeration. The 1Csy was deter-
mined by growing cells in microtiter plate wells and reading the
OD after overnight growth at 650 nm. For experiments
performed at pH 9.0, the pH of the growth medium was
adjusted with NaOH. MIC was determined in samples that
showed no bacterial growth, and in these samples there were
no detectable changes in pH by the end of the experiment. MIC
determinations in the strain carrying a norA gene disrupted
with a chloramphenicol resistance cassette were performed in
the presence of chloramphenicol to inhibit proliferation of
possible cells that have lost the disrupted norA construct.
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RESULTS

Sensitivity of the nor4A~— Mutant to Antimicrobial Agents.
Disruption of the chromosomal copy of the norA gene was
performed by replacement with a nor4 sequence interrupted
by a chloramphenicol acetyltransferase cassette (see Materials
and Methods). The disrupted chromosomal sequence was
analyzed by PCR by using a primer immediately outside of the
norA gene and a primer specific for the disrupted sequence. A
PCR product of the predicted size (1.5 kb) and composition
was obtained from the norA ™~ but not from the wild-type strain,
confirming that the chromosomal copy of norA was disrupted
(Fig. 1).

Table 1 shows the susceptibility of the nor4A mutant toward
arange of antimicrobials. Using either MIC or ICs to calculate
the sensitivity of the nor4 ~ strain relative to the wild type gave
similar results. Increased resistance to norfloxacin and am-
phipathic cations of strains overproducing NorA has been
described (9), and a recent study reported increased sensitivity
of norA~ to quinolones (13). Our data show that amphipathic
cations are generally better substrates of the pump than are
quinolones. Many other tested antimicrobials do not appear to
be substrates of the pump (Table 1).

Testing for Additional MDRs in S. aureus. We wished to
know whether additional MDR pumps took part in the quin-
olone and amphipathic cation resistance. Identifying and
disrupting these additional MDRs would further improve the
sensitivity of the strain and would be useful for drug discovery.
A simple way to check the presence of MDR activity is to use
an MDR inhibitor. Reserpine is a broad range MDR inhibitor
that acts on diverse MDRs from NorA (major facilitator family
of translocases powered by the proton motive force) to human
P-glycoprotein (belonging to the ABC ATP binding cassette
family of ATP-dependent translocases) (14). Addition of
reserpine increased the sensitivity of the wild type to drugs in
accordance with prior observations (8) but had virtually no
effect on the nor4 mutant (Table 1). The mutant strain was
consistently more sensitive than the wild type treated with
reserpine, suggesting that inhibition by reserpine was incom-
plete. It appears that NorA is the principal S. aureus MDR
pump, responsible for the resistance to the chemically diverse
compounds we tested.

To examine this more directly, efflux of EtBr from wild-type
and norA~ cells was measured (Fig. 2). Cells were deenergized
with an uncoupler, loaded with EtBr, washed, and diluted into

Table 1. NorA dependence of antimicrobial resistance as
measured by MIC

RN 4222 KLE 820
(WT) (norA™) Sensitivity*

Drugs -R +R -R +R

EtBr 5 1.25 0.33 0.33 16
TPP 15.6 7.8 1.9 1.9 8
Acriflavine 20 10 2.5 2.5 8
Norfloxacin 1.25 0.67 0.33 0.33 4
Ciprofloxacin 0.67 0.33 0.16 0.16 4
Kanamycin 0.33 ND 0.33 ND 1
Erythromycin 0.195 ND 0.195 ND 1
Gentamycin 0.62 ND 0.62 ND 1
Tetracycline 0.097 ND 0.097 ND 1
Cephalothin 0.15 ND 0.15 ND 1
Lincomycin 0.6 ND 0.6 ND 1
Vancomycin 1.5 ND 1.5 ND 1
Clindamycin 0.047 ND 0.047 ND 1

MIC in micrograms per milliliter. TPP, tetraphenylphosphonium
bromide; ND, not determined; —R, no reserpine; +R, 20 pg/ml
reserpine.

*Sensitivity of norA~ compared with the wild type in the absence of
reserpine.
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Fic. 2. Efflux of EtBr from wild-type and norA~ strains of S.
aureus. Cells were deenergized with uncoupler and loaded with EtBr
as described in Materials and Methods. The graph depicts the loss of
EtBr from cells resuspended in buffer without EtBr and uncoupler.
Fluorescence of EtBr is expressed in arbitrary units.

a buffer medium. The rate of EtBr efflux was significantly
greater in the wild type in the presence of a respiratory
substrate formate compared with the nor4~ mutant. Addition
of formate did not increase the rate of EtBr efflux from the
norA cells. This result suggests that NorA is indeed the primary
route for energy-dependent EtBr efflux.

Synergy Between a nor4A Mutation and Alkaline pH. It
seemed possible to further increase the sensitivity toward
amphipathic cations by increasing the pH of the medium.
Amphipathic cations, including the ones we tested, come in
two major groups—strong cations like quaternary ammonium
compounds and imino-substances and weak bases such as
pentamidine or chlorhexidine (Fig. 3). The cytoplasmic pH of
the bacterial cell is maintained near 7.5 when the external pH
is in the range 5-9 (15). At alkaline pH, an electrogenic
Na*/nH"-antiporter leads to the acidification (relative to the
external medium) of the cytoplasm to maintain the pH ho-
meostasis (15). Hence, at pH 9, the pH gradient across the
membrane is inverted (Fig. 4). When the pH gradient is
inverted, there is a concomitant compensatory increase in the
membrane potential (15). The elevated membrane potential
will lead to an increased accumulation of such permeant
cations as tetraphenylphosphonium and quaternary ammo-
nium compounds. The inverted pH gradient also will act to
increase the accumulation of weak bases. The permeant form
is the unprotonated species (16), and with a typical pK of 9 for
an amino group, this means that increasing pH from 7 to 9 will
increase the intracellular concentration of the permeant spe-
cies 50-fold.

At pH 9, S. aureus grew at ~70% of the growth rate at pH
7.2 (not shown). The sensitivity to all amphipathic cations
increased significantly at pH 9 (Table 2). For example, sensi-
tivity to pentamidine increased ~30-fold at pH 9 in the wild
type. The NorA pump is electrogenic (17) and continues to
protect the cell at alkaline pH. A nor4 mutation also lead to
a 30-fold increase in the sensitivity to pentamidine (Fig. 5).
When combined, pH 9 and the nor4 mutation provided a
strong synergistic effect, increasing sensitivity by an impressive
1,000-fold. This effect decreased the MIC for pentamidine to
10 ng/ml. Puromycin is a weak base and apparently not a
substrate of NorA. Puromycin potency increased 8-fold at
higher pH, but a combination of high pH and a nor4A mutation
did not further increase its antimicrobial action. Analogously,
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Fic. 3. Structural formulas of NorA substrates. Strong amphi-
pathic cations are indicated by their positive charge. Berberine and
palmatine are plant antimicrobial alkaloids. Tetraphenyl phospho-
nium has been used as a probe to measure the membrane potential.
EtBr is used as an antiprotozoal (veterinary). Benzalkonium chloride
is an antiseptic and disinfectant. Weak bases: Pentamidine is a systemic
antiprotozoan, and chlorhexidine is an antiseptic. Norfloxacin is a
quinolone DNA topoisomerase inhibitor and a systemic antibiotic.

sensitivity to norfloxacin [that is predominantly neutral or
anionic (16)] only was affected by a nor4 mutation but not by
increase in pH.

Among the substances we tested for antimicrobial activity
were two plant alkaloids, berberine and palmatine, which are
strong amphipathic cations (Fig. 3). Both appeared to be
substrates of the NorA pump. It is possible that these alkaloids
are natural MDR substrates, and it seems that artificial
amphipathic cations were found to be MDR substrates because
of their resemblance to these natural substrates. Sensitivity to
both alkaloids was increased further at pH 9. These observa-
tions validate the idea of using MDR mutants and high pH
media for discovery of natural antimicrobials.

DISCUSSION

Disruption of the nor4 gene coding for a pmf-dependent MDR
pump increased the sensitivity of S. aureus 5- to 30-fold to
NorA substrates, primarily amphipathic cations. Reserpine, a
general inhibitor of MDRs, failed to further increase sensitiv-
ity of norA~ cells to these antimicrobials. The rate of efflux of
EtBr from deenergized cells was stimulated by a respiratory
chain substrate in wild-type, but not in nor4~ cells. Taken
together, these observations strongly suggest that NorA is the
major multidrug pump responsible for efflux of amphipathic
cations from S. aureus. These substances (Fig. 3) are also good
substrates for a majority of other MDR pumps from Gram-
positive organisms. In Gram-negative bacteria, the known
repertoire of MDR pumps includes neutral compounds [the
EmrAB pump (18)] as well as amphipathic cations and anions
[the AcrAB pump (19)]. Experimental data and DNA analysis
from whole genome sequencing projects suggest that several
different MDRs are present in a given microbial species. This
number varies from a putative high of 25 in the yeast S.
cerevisiae to a low of 4 in the parasite H. influenzae (4). It is
noteworthy that H. influenzae has a “bare-bones” genome two
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FiG. 4. A model of increased accumulation of amphipathic cations. (4) Wild type, pH 7. Strong amphipathic cations are accumulated in the
cell driven by the membrane potential (inside negative). Weak bases are extruded from the cell along the pH gradient. Both species are extruded
by NorA that acts as a drug/proton antiporter. (B) norA mutant, pH 9. The pH gradient inverts, leading to a compensatory increase in the membrane
potential and increased accumulation of strong permeant cations. Inversion of the pH gradient also inverts the direction of the flux of weak bases

that become accumulated in the cell.

times smaller than that of E. coli and does not have a complete
Krebs cycle (20) yet has four different MDR pumps that seem
to be important for survival. Without access to the complete
S. aureus genomic sequence, it is hard to tell whether NorA is
the only MDR pump. There may be additional MDRs that
require specific inducers, for example. The B. subtilis MDR
pump BMR (21) and the EmrAB pump of E. coli (22) are
induced by their substrates. At the same time, two other B.
subtilis MDRs, BLT (23) and BMRIII (24), are not expressed
under normal growth conditions or in the presence of known
MDR substrates.

It is interesting to note that, although amphipathic cations
are “favorite” substrates of many MDR pumps, few natural
antimicrobials of this type are known. It is not surprising that
weak bases are rarely antimicrobial because these compounds

Table 2. Synergistic effect of high pH and a nor4 mutation

will be excluded from the cell by the pH gradient when the
external pH is <7.5. Discovered initially as weak antimicro-
bials, many of these substances (doxorubicin, mytomicin) are
now used as antineoplastic agents. Strong amphipathic cations,
on the other hand, will accumulate in the cell in accordance
with the membrane potential and would be expected to be
found as antibiotics more frequently. Yet, the only currently
known examples come from a small group of plant alkaloids
(Fig. 3). Perhaps it is precisely the ubiquity of MDR pumps
among the test strains that is responsible for the underdetec-
tion of these compounds in the process of drug discovery.
We have recently tested the feasibility of an E. coli strain
defective in two major MDR pumps for drug screening (S.A.S.,
D.D., and K.L., unpublished work). Ideally, one would want to
design a test strain completely devoid of MDR pumps that

RN4222 (WT)

Sensitivity

KLE 820 (norA-) norA— at pH 9 vs.

Drugs pH 7.2 pH 9 pH 7.2 pH 9 WT at pH 7.2
Pentamidine 10 0.3125 0.3125 0.0097 1,030
EtBr 5 0.078 0.3125 0.01 500
Berberine 60 3.75 7.5 0.23 260
Palmatine 200 12.5 50 0.78 256
TPP 15.6 0.48 1.98 0.12 130
Benzalkonium chloride 0.67 0.08 0.16 0.0104 64
Chlorhexidine 0.5 0.06 0.125 0.0156 32
Puromycin 20 2.5 20 2.5 8
Norfloxacin 1.25 1.25 0.33 0.33 4

MIC in micrograms per milliliter. TPP, tetraphenylphosphonium bromide.
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F1G. 5. Synergistic action of high pH and pentamidine. Data are
taken from Table 2. MIC of the wild type at pH 7.2 is divided by the
MIC of the other samples to produce an index of sensitivity. pH 9 and
anorA mutation equally contribute to increased sensitivity in this case,
and a combination of both produces a synergistic effect.

would potentially improve the chances of discovering a wide
variety of antimicrobials. With the availability of whole ge-
nome sequences for a number of bacterial species, this has
become a realistic project. Once identified with the aid of
MDR mutants, new antimicrobials could be deployed effec-
tively either in combination with an MDR inhibitor or simply
at a concentration sufficiently high to overcome the pump.
Other possibilities would include chemical modification of the
newly discovered drugs to increase their potency or to decrease
their affinity to MDRs or both.

We took advantage of the accumulation of amphipathic
cations in the cell at high pH to further increase cell sensitivity
to these antimicrobials. A norA mutation and high pH acted
synergistically and increased the sensitivity to pentamidine, for
example, 1,000-fold. Our findings of an MDR~/high pH
synergy will be useful for the discovery of amphipathic cationic
antimicrobials. It seems that sensitivity of an antimicrobial
screen could be increased further with the use of alkiliphilic
bacteria that can grow at pH 10.5 and maintain a high inverted
pH gradient (25). A somewhat similar strategy can be used in
the discovery of weak acids that accumulate in the cell using
the pH gradient. Weak acid antimicrobials have been used in
food preservation (salicylate, benzoate) and as antineoplastic
agents (mycophenolic acid, nogalamycin). Decreasing the pH
of the medium and using acidophilic bacteria in combination

Proc. Natl. Acad. Sci. USA 95 (1998)

with MDR mutations or MDR inhibitors should significantly
increase the sensitivity of discovery of these compounds as
well.
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